In vertebrates, the paraxial mesoderm already exhibits a complex Hox gene pattern by the time that segmentation occurs and somites are formed. The anterior boundaries of the Hox genes are always maintained at the same somite number, suggesting coordination between somite formation and Hox expression. To study this interaction, we used morpholinos to knockdown either the somitogenesis gene X-Delta-2 or the complete Hox paralogous group 1 (PG1) in Xenopus laevis. When X-Delta-2 is knocked down, Hox genes from different paralogous groups are downregulated from the beginning of their expression at gastrula stages. This effect is not via the canonical Notch pathway, as it is independent of the Notch effector Su(H). We also reveal for the first time a clear role for Hox genes in somitogenesis, as loss of PG1 gene function results in the perturbation of somite formation and downregulation of the X-Delta-2 expression in the PSM. This effect on X-Delta-2 expression is also observed during neurula stages, before the somites are formed. These results show that somitogenesis and patterning of the anteroposterior axis are closely linked via a feedback loop involving Hox genes and X-Delta-2, suggesting the existence of a coordination mechanism between somite formation and anteroposterior patterning. Such a mechanism is likely to be functional during gastrulation, before the formation of the first pair of somites, as suggested by the early X-Delta-2 regulation of the Hox genes. q
Introduction
In vertebrates, the paraxial mesoderm is segmented in a process known as somitogenesis. During this process metameric structures, the somites, are formed in a sequential way from anterior to posterior (Pourquie, 2002) . Although the somites arise as homologous structures, where each somite is morphologically identical to the others, the structures that will later form are dependent on the specific positional information that each somite possesses. The best candidates for conferring this positional information are the Hox genes, which have a complex anteroposterior (AP) pattern of expression in the paraxial mesoderm (Gruss and Kessel, 1991) . Hox genes start to be expressed at the beginning of gastrulation, in a temporally and spatially collinear way, according to their position on the chromosome (Deschamps et al., 1999; Wacker et al., 2004a) . This means that a gene expressed earlier in development will generally have its expression extending more anteriorly than a gene expressed later. In this way, a 'Hox code' is established which specifies each particular AP level.
The Notch pathway is known to be involved in several aspects of somitogenesis, including the clock mechanism (Holley et al., 2000) , synchronization of the clock (Jiang et al., 2000) , patterning within the somites (Durbin et al., 2000; Jen et al., 1999; Takahashi et al., 2000) and formation of the somitic boundaries (Sato et al., 2002) . Notch signalling occurs between two adjacent cells, one expressing a transmembrane Delta-Serrate-Lag-2 (DSL) ligand and the other a transmembrane Notch receptor. In the canonical Notch pathway, when the ligand activates the Notch receptor, the intracellular domain (N-ICD) is cleaved and translocated into the nucleus. In the nucleus, the N-ICD forms a complex with a CSL DNA binding protein (CBF-1/ RBP-J K in mammals, Su(H) in Drosophila, chick, zebrafish and Xenopus, and Lag-1 in C. elegans), and activates the transcription of target genes, such as Lunatic fringe (Lfng) and genes from the hairy and enhancer of split family (Artavanis-Tsakonas et al., 1999; Lai, 2004) . The CSL family however, does not seem to mediate all of the functions of Notch signalling, indicating the existence of a CSL-independent Notch pathway (non-canonical pathway) (Martinez et al., 2002) . In Drosophila it has been shown that the Notch mutant phenotype is slightly more severe than that of Su(H) mutant embryos Corbin, 1998, 1999) . In vertebrates, there is also evidence that supports the existence of a CSL-independent Notch pathway. A recent study in chick showed that the Notch signalling effect on the Slug expression during neural crest formation is independent of Su(H) activity (Endo et al., 2002) .
It has been suggested that Hox gene expression is linked to the segmentation clock (Dubrulle et al., 2001) . Increasing ectopic FGF8 levels in the presomitic mesoderm (PSM) alters the somite boundary position and shifts the Hox gene expression so that the anterior expression border is maintained at the normal somite number, regardless of the absolute axial level (Dubrulle et al., 2001) . Hox expression has also been related to the expression of cycling genes during somite formation, with a burst of Hox gene transcription being coordinated with somite formation ). This study also showed a downregulation of Hoxd1 and Hoxd3 expression in the posterior PSM and nascent somites of RBPjkdeficient mouse embryos, suggesting that Notch signalling is necessary for the correct expression of Hox genes during somitogenesis .
More recently, Notch signalling was implicated in the specification of vertebral identity (Cordes et al., 2004) . Homeotic transformations in mouse vertebrae were observed as a result of the reduction of Notch activity by a dominant negative delta-1 (dll1) or by manipulating the levels of Lunatic fringe (Lfng). Subtle changes in Hox gene expression were also observed, suggesting that the transformations in the vertebral identities were a result of variations in Hox expression (Cordes et al., 2004) .
Until now, there has been little evidence of a role for Hox genes in somitogenesis. Even in mouse mutants where a complete Hox cluster is deleted, the somites are formed normally (Chen and Capecchi, 1997; Manley and Capecchi, 1997; Medina-Martinez et al., 2000; Spitz et al., 2001; Suemori and Noguchi, 2000; van den Akker et al., 2001 ). However, it has been shown that the overexpression of Hoxb4 in Xenopus affects somite formation, without affecting other mesodermal structures (Harvey and Melton, 1988) . Fig. 1 . X-delta-2 loss of function perturbs somite formation and affects the expression of segmentation genes. Embryos were injected with two different concentrations of X-delta-2 MO (C and D) or with a dominant negative form of X-delta-2, X-delta-2 tr (B). Embryos were cultivated until stage 28 and the somites were analysed by whole-mount in situ hybridisation using MyoD as a marker. Embryos are shown from the lateral side with anterior to the left. A higher magnification of the somite area indicated by the dashed square is shown in the lower right corner. Krox-20 expression in the hindbrain and engrailed expression in the midbrain-hindbrain boundary is still present when X-delta-2 is down regulated (B-D). The expression of two segmentation genes ESR-4 (E,F) and Hairy-2a (G,H) is also downregulated in the X-Delta-2 MO injected side (F and H, respectively). Embryos at neurula stage are shown from the dorsal side, anterior up (E,F) and at early tailbud stage from the dorsal side, anterior to the left (G,H). Arrowhead indicates the injected side of the embryo.
Here, we investigate a potential link between somitogenesis and the patterning of the AP axis by analysing the relationship between Hox genes and the Notch pathway. To do this, we used a morpholino knockdown approach. In Xenopus laevis at gastrula stages, X-Delta-2 and Hox genes are expressed in overlapping domains, and the knockdown of X-Delta-2 leads to downregulation of Hox gene expression from gastrula stages on. Furthermore, X-Delta-2 seems to regulate Hox expression independently of the Notch effector Su(H). We also knocked down the complete Hox paralogous group 1 (PG1) genes and analyzed the effect on somitogenesis. The loss of Hox PG1 function led to the perturbation of somite formation and the downregulation of X-Delta-2 expression in the somitomeric region, even before the start of somite formation. Our results demonstrate a close link between X-Delta-2 and Hox genes and suggest the existence of a feedback regulatory loop, which is responsible for keeping Hox expression and somite formation coordinated and is in place from gastrula stages on.
Results

Knockdown of X-Delta-2 downregulates Hox gene expression during somitogenesis
It has been shown that perturbation of the Notch pathway in mouse embryos either downregulates Hox gene expression or shifts the anterior expression borders of some Hox genes rostrally (Cordes et al., 2004) . In Xenopus, the best studied component of the Notch pathway is the ligand X-Delta-2, which has been shown to be necessary for normal somitogenesis (Jen et al., 1997) . Therefore, to study the relationship between the Notch pathway and Hox expression, we decided to downregulate X-Delta-2, using the morpholino (MO) knockdown approach. The injection of X-Delta-2 MO perturbed somite formation in a similar fashion to the overexpression of X-Delta-2 tr (Jen et al., 1997) , a dominant negative form of X-Delta-2 (Fig. 1B-D) . The downstream targets of the Notch pathway, ESR-4 and Hairy-2a, were also affected by the X-Delta-2 MO (Fig. 1F,H, respectively) . These results suggested that the X-Delta-2 MO interferes with X-Delta-2 function as expected.
To study the relationship between X-Delta-2 and Hox genes, X-Delta-2 MO was injected on the left-hand side (LHS) of the embryo in order to use the right-hand side as an internal control, and tailbud stage embryos were analysed for Hox gene expression (Fig. 2) . The first Hox gene that we examined was Hoxb4, as it is expressed in the somites and its overexpression affects somite formation (Harvey and Melton, 1988) . With the X-Delta-2 MO, Hoxb4 was severely downregulated in the paraxial mesoderm but its expression in the lateral mesoderm was generally unaffected (Fig. 2B) . We also looked at the expression of Hoxc6, normally expressed in the mesoderm and in the neural tube, and the expression in both these tissues was downregulated anteriorly, whereas the posterior expression was unaffected (Fig. 2D ). This downregulation of neural Hox expression was also observed for the more posterior Hox gene, Hoxb9, which is mainly expressed in the neural tube (Fig. 2F ).
At this stage, X-Delta-2 is also expressed in the neural tube (Peres and Durston, 2006) .
These results show that X-Delta-2 is necessary for the expression of these Hox genes during somite formation, and that this role is not restricted to the paraxial mesoderm but it is also present in the neural tube (neuroectoderm).
2.2. X-Delta-2 and Hox genes are expressed in overlapping domains during gastrulation As X-Delta-2 function is clearly required for the expression of several Hox genes, not simply those expressed in the paraxial mesoderm, we decided to investigate whether this regulation is present at earlier stages, when the Hox genes start to be expressed and their spatial expression begins to be defined. In Xenopus laevis, Hox gene expression starts at the beginning of gastrulation in the non-organizer mesoderm (Wacker et al., 2004b) , part of which later generates the paraxial mesoderm, long before the formation of the first pair of somites at stage 17 (Keller, 2000) . Therefore, we performed a comparative study at gastrula stages between the expression patterns of Hoxd1 and X-Delta-2, along with several other genes known to be involved in somitogenesis, namely: Lunatic fringe; Hairy-2a; Notch-1; ESR-4; and ESR-5. We limited our comparison to Hoxd1 because it is the first Hox gene to be expressed in Xenopus, and several other Hox genes are expressed in a similar domain during gastrulation (Wacker et al., 2004a) . Besides X-Delta-2, the only genes examined, which shared a similar domain to Hoxd1 were the X-Delta-2/Notch targets ESR-4 and K5 (data not shown). During gastrulation Hoxd1 is expressed in a horseshoe shaped domain around the blastopore, with a gap on the dorsal side (Fig. 3B,D,F) . X-Delta-2 is initially expressed in a complete ring around the blastopore (Fig. 3A) , in a similar domain to the mesodermal gene Xbra, a known upstream regulator of Hox genes (Wacker et al., 2004b) . Soon afterwards however, X-Delta-2 expression on the dorsal side is downregulated in the region corresponding to the Spemann organizer ( Fig. 3C) , producing a typical 'Hox-like' gene expression pattern. Towards the end of gastrulation X-Delta-2 expression extends anteriorly and begins to form stripes of expression on both sides of the dorsal midline ( Fig. 3E ). At the same stage the Hoxd1 domain also extends anteriorly but as a solid block of expression (Fig. 3F) . Thus, the expression domains of X-Delta-2 and Hoxd1 overlap during early development, indicating that an interaction is possible from gastrula stages on.
X-Delta-2 function is necessary for Hox gene expression at gastrula and neurula stages
Having shown the overlap of expression between X-Delta-2 and Hox genes during gastrulation, we wanted to assess whether X-Delta-2 function is necessary for Hox expression prior to the start of somitogenesis. Therefore, we analysed the expression of Hoxb4, Hoxc6 and Hoxb9 at gastrula and neurula stages (Fig. 4) . The expression of all three genes during gastrulation was either absent or severely downregulated on the X-Delta-2 MO injected side (Fig. 4B ,F,J). At this stage, Hox genes are expressed in the mesoderm and ectoderm, and we observed a downregulation of Hox gene expression in both tissues. At neurula stages the effect on the different Hox genes is not so constant (Fig. 4D ,H,L). Hoxb4 expression is clearly downregulated and the expression domain is shifted posteriorly (Fig.4D ). However, Hoxc6 is only slightly downregulated and the domain of expression seems not to extend as far laterally as in the non-injected side (Fig. 4H ). This correlates with what was observed at tailbud stage ( Fig. 3D ), where expression is still present but again in a more limited domain. In the neurula embryo, Hoxb9 expression is strongly downregulated but the domain of expression seems unaffected (Fig. 4L) .
To confirm the specificity of the MO knockdown approach, two non-overlapping MOs were designed for X-Delta-2 and the effect on Hoxc6 expression was investigated (Fig. 5 ). Hoxc6 expression was downregulated on the injected side by both MOs (Fig. 5C,D) . To further confirm the specificity of the MOs we tried to rescue the Hoxc6 expression by co-injecting an X-Delta-2 mRNA construct that lacks the 5 0 UTR, and therefore, is not recognized by the MOs. For both MOs, we were able to rescue the expression of Hoxc6 in the injected side (shown for MO2, Fig. 5F ), although no change in Hoxc6 expression was detected with X-Delta-2 overexpression (Fig. 5E) . A similar result was obtained with Hoxd1 (data not shown). These results indicate that the X-Delta-2 MOs specifically downregulate Hox expression.
Overexpression of X-Delta-2 or Notch-ICD does not induce ectopic Hox expression
Having demonstrated that X-Delta-2 function is necessary for Hox expression we wanted to know whether it is sufficient to induce ectopic Hox expression. We used two different approaches to activate the Notch pathway; either by injecting X-Delta-2 or by overexpressing the intracellular domain of the Xenopus Notch-1 receptor (N-ICD) . We again decided to examine different stages because it has been suggested that the Notch pathway is differently regulated in the somitomeric region, transition zone and tailbud domain (Jen et al., 1999) , and thus the X-Delta-2 regulation of Hox genes could also be different in these regions.
The Notch pathway was affected by both methods, as shown by the loss of ESR-4 stripes in the somitomeric region ( Fig. 6A-C) (Jen et al., 1999) . At gastrula stages, no changes in the expression of Hoxd1 and Hoxc6 were found ( Fig. 6D-I ), as already shown for Hoxc6 in the rescue experiment. At the tailbud stage, we examined the expression of Hoxb4 and Hoxc6, and once more, we did not observe any alterations in the expression of these two genes, either in terms of level or domain of expression ( Fig. 6J-O) .
These results suggest that X-Delta-2 may be necessary for the endogenous expression of Hox genes but is not sufficient to substantially increase their levels, or to induce ectopic Hox expression outside of the normal domain of expression.
X-Delta-2 regulates Hox expression independently of Su(H)
In the vast majority of biological processes where Notch signalling is involved, the downstream targets are activated via the interaction of the N-ICD with Su(H) (Rida et al., 2004) . To investigate the role of Su(H) in the regulation of Hox genes we decided to use a dominant negative form where the DNA binding domain is mutated, Su(H) DBM . As previously reported (Jen et al., 1997 (Jen et al., , 1999 , the overexpression of Su(H) DBM in the LHS downregulates ESR-4 and upregulates X-Delta-2 expression in the somitomeric region of the PSM; therefore, we are confident that we are blocking the canonical Notch pathway (Fig. 7B,D) . Nevertheless, we could not detect any variation of Hoxd1 and Hoxc6 expression during gastrulation (Fig. 7F,H) , suggesting that X-Delta-2 regulation of Hox genes, at least at early stages, is independent of Su(H). Overexpression of X-Delta-2 mRNA (E: 100%, nZ26) and rescue of X-Delta-2 MO2 with X-Delta-2 mRNA (F: 66% rescued, nZ30) are also shown. Embryos are shown from the vegetal side with dorsal to the top. Both MOs knocked down Hoxc6 expression in the LHS and co-injection of X-Delta-2 mRNA is able to rescue the Hoxc6 expression. Arrowheads indicate the injected side of the embryo.
These results suggest that, although the activation of the somitogenesis genes by X-Delta-2 is via the canonical Notch pathway and is dependent on Su(H) (Jen et al., 1997) , X-Delta-2 seems to regulate Hox gene expression using a different pathway.
To further look into the mechanism by which X-Delta-2 regulates Hox expression, we also analysed the effect of knocking down X-Delta-2 on the expression of known Hox gene regulators (Fig. 8) . Recently, it has been shown that a combination of Xbra and BMP-4 is necessary and sufficient for Fig. 6 . Activation of the Delta-Notch pathway does not affect Hox expression. To activate Notch signalling we overexpressed X-Delta-2 (B,E,H,K,N) or Notch-ICD (C,F,I,L,O) in the LHS of the embryos and analysed them at neurula stage for the expression of ESR4 (A-C), at gastrula stage for the expression of Hoxd1 (D-F) and Hoxc6 (G-I) and at tailbud stage for Hoxb4 (J-L) and Hoxc6 (M-O) expression. Embryos at neurula and tailbud stage are shown from the dorsal side, anterior up; embryos at gastrula stage from the vegetal side, dorsal up. The activation of the Notch pathway, by overexpressing either X-Delta-2 or Notch-ICD perturbs the expression of ESR4 (B: 97%, nZ35; C: 95%, nZ44), but does not affect the expression of either Hoxd1 (E: 90%, nZ40; F: 100%, nZ23) or Hoxc6 (H: 100%, nZ20; I: 100%, nZ21) at gastrula stage, or of Hoxb4 (K: 96%, nZ26; L: 90%, nZ22) nor Hoxc6 (N: 100%, nZ29; O: 90%, nZ20) at tailbud stage. The arrowhead indicates the injected side of the embryo. the initial Hox gene expression (Wacker et al., 2004b) . It has also been shown that Xcad-3 is required for the activation of posterior Hox genes by FGF signalling (Isaacs et al., 1998) . Therefore, it could be possible that X-Delta-2 regulates Hox expression by interfering with these signal pathways (Fig. 8) . Indeed, we did observe a downregulation in the expression of BMP-4 and Xcad-3 (Fig. 8D,F) , whereas the Xbra and FGF-4 expression does not seem affected (Fig. 8B,H) .
Hox PG1 knockdown perturbs somite formation and X-Delta-2 expression
Having established that X-Delta-2 is necessary for Hox expression, we wanted to investigate the role of Hox genes in somitogenesis. Hox genes often exhibit redundancy of function, particularly between members of the same paralogous group (Hunter and Prince, 2002; van den Akker et al., 2001) . To overcome this redundancy we decided to knockdown the complete Hox paralogous group 1 (PG1). We chose this group because these Hox genes are the first to be expressed in the embryo and are necessary for the expression of more posterior Hox genes (McNulty et al., 2005) . To study the role of the PG1 genes in somitogenesis we used a combination of MOs against all three members of the group; Hoxa1, -b1, and -d1. These MOs have been recently characterized by our group and shown to be specific in blocking PG1 function (McNulty et al., 2005) .
The injection of the triple combination of PG1 MOs in the LHS, did not affect the initial formation of the paraxial mesoderm, as shown by the presence of MyoD expression, a muscle precursor marker (Fig. 9C) . However, instead of a striped pattern marking the somites, MyoD is expressed as a continuous block, indicating that somite boundaries are not formed (Fig. 9C) .
To investigate if the role of PG1 genes in somitogenesis results from the modulation of Notch signalling, we examined the effect of PG1 loss of function on the PSM expression of X-Delta-2. The normal striped pattern of X-Delta-2 in the somitomeric region is no longer present in the PG1 MO injected side (arrow in Fig. 9F ); instead only a weak and reduced expression is still visible. In some embryos (17%) this expression is slightly stronger, covering in a continuous block the region that normally shows 2-3 stripes of X-Delta-2 expression (data not shown). These results suggest that the prepattern of the mesoderm is affected by the loss of function of the PG1 genes.
The X-Delta-2 expression in the hindbrain, midbrain and forebrain, but not in the eyes, is also affected by the PG1 loss of function (Fig. 9F) . PG1 genes are expressed in the hindbrain, suggesting that the X-Delta-2 downregulation could be a direct consequence of the loss of these Hox genes, or of more Therefore, the downregulation of X-Delta-2 expression observed in these regions, is likely to be a secondary effect caused by a non-cell autonomous effect.
We also looked at the effect on X-Delta-2 expression at an early stage in development. At neurula stage the expression was either absent from the somitomeric region or only the most anterior stripe was visible (Fig. 10C) . We attempted to rescue this phenotype by overexpressing a mouse Hoxb1 construct, which is not recognized by any of the PG1 MOs. The coinjection of this construct in the LHS rescued the striped X-Delta-2 pattern in the PSM, although the stripes of expression were not as well defined as in the non-injected side (Fig. 10D) .
Having rescued the striped X-Delta-2 pattern in the PSM, we decided to investigate if the somites could also be rescued in the same way (Fig. 11) . Overexpressing mHoxb1 RNA failed to rescue the somites when co-injected with PG1 MO, as shown by the continuous MyoD expression in the paraxial mesoderm (Fig. 11D) . The overexpression of mHoxb1 did not have any effect on the somite formation (Fig. 11B) , unlike what has been described for Hoxb4 (Harvey and Melton, 1988) . The effect on the Krox-20 (rhombomere 3 and 5) and engrailed-2 (midbrainhindbrain boundary) expression was as previously described (McNulty et al., 2005) .
Thus, in the absence of Hox PG1 function, somitogenesis is impaired, most likely via the disruption of the pre-patterning of the PSM due to the downregulation of X-Delta-2 in the somitomeric region of the PSM.
Discussion
The Hox genes maintain their anterior border of mesodermal expression precisely at a specific somite number, suggesting that segmentation and patterning are tightly coordinated. The patterning of the paraxial mesoderm starts prior to somite formation, via the establishment of a 'Hox code' during gastrulation. Therefore, we decided to investigate Fig. 9 . Hox PG1 genes are necessary for somitogenesis and X-Delta-2 expression. Morpholinos for each of the Hox PG1 genes (Hoxa1, -b1, and -d1) were injected in combination into the LHS of the embryo (PG1 MO, C,F). Non-injected controls (Nic; A,D) and embryos injected with control MO (B: 100%, nZ31; E: 100%, nZ 23) are also shown. The expression of the muscle precursor marker MyoD (A-C) and of X-Delta-2 (D-F) was analysed at late tailbud stage (stage 25). Embryos are shown from a lateral view, with the anterior side to the left. Loss of PG1 function perturbs somite formation (C: 76%, nZ47) and downregulates X-Delta-2 expression in the somitomeric region (F: 79%, nZ29). Arrow in (F) indicates X-Delta-2 expression in the somitomeric region.
cross-regulation between segmentation and AP patterning not just at somitogenesis stages, but also earlier in development, when the Hox genes first begin to be expressed.
X-Delta-2 regulates Hox gene expression
In this study, we show that X-Delta-2 function is necessary for Hox gene expression at tailbud stage, during somite formation. Both 5 0 and 3 0 Hox genes are severely downregulated when X-Delta-2 is injected, suggesting a general need for X-Delta-2 function for the expression of Hox genes. This is in agreement with studies in mouse where a downregulation of Hoxd1 and Hoxd3 was observed in RBPjk deficient mouse embryos, with the difference being that we observed the downregulation in all tissues where X-Delta-2 and Hox genes expression overlaps and not exclusively in the nascent somites and PSM . In mouse embryos expressing a dominant negative form of delta1 (dll1 dn ), instead of a downregulation of Hox expression, they observed an anterior shift in the expression of Hoxc5 and Hoxb6 (Cordes et al., 2004) . In the same study, it was noted that Hoxb6 expression is also shifted anteriorly in mice lacking Lfng function or cyclic Lfng expression in the PSM (Cordes et al., 2004) . These studies suggest either that Notch signalling regulates the levels of Hox gene expression , or that it regulates the anterior limits of the Hox domain (Cordes et al., 2004) . Our results support the first view, as we show a dramatic downregulation of Hox gene expression with X-Delta-2 loss of function. We never observed any anterior expansion of the Hox domain on the side injected with X-Delta-2 MO; on the contrary, in the embryos where Hox expression was still visible in the injected side, the anterior limit of expression was shifted posteriorly. In some cases this could be due to the fact that expression levels are higher in the posterior part of the axis and therefore, harder to completely eliminate. In mouse, it has been shown that Hox genes are expressed in a posterior to anterior gradient, supporting this hypothesis (Gaunt, 2001) . This connection between X-Delta-2 and Hox genes is not restricted to the paraxial mesoderm but is present in the neural tube as well. This fits the expression pattern of X-Delta-2, which besides its domain in the PSM, is also expressed in the neural tube (Peres and Durston, 2006) . The comparison between the expression patterns of X-Delta-2 and Hox genes revealed that they overlap during gastrulation. Therefore, we decided to extend our analyses to gastrula and neurula stages. At these early stages, prior to the formation of the first somite, we also observed a downregulation of Hox gene expression. These results support the idea that X-Delta-2 function is essential for Hox gene expression, not simply during somitogenesis but also early on, from the initiation of their expression during gastrulation. Recently, it has been shown that the expression of PG10 Hox genes in the PSM, not in the somites, is responsible for specifying vertebral identity (Carapuco et al., 2005 ). This Fig. 10 . mHoxb1 rescues X-Delta-2 expression in PG1 knockdown embryos. Non-injected control (A) and embryos injected in the LHS with control MO (B: 100%, nZ22), PG1 MOs (C: 81%, nZ32) or a combination of PG1 MOs and mHoxb1 (D: 91% rescued, nZ23), were analysed for the expression of XDelta-2 at neurula stage. Embryos are shown from the dorsal side, with the anterior side to the top. X-Delta-2 expression in the somitomeric region is rescued by co-injecting mHoxb1. The arrowhead indicates the injected side of the embryo. Fig. 11 . mHoxb1 fails to rescue somitogenesis. Non-injected control (A) and embryos injected in the LHS with mHoxb1 mRNA (B: 100%, nZ27), PG1 MOs (C: 81%, nZ32) or a combination of PG1 MOs and mHoxb1 (D: 91% rescued, nZ23), were analysed for the expression of MyoD (somites), Krox-20 (rhombomeres 3 and 5) and engrailed-2 (midbrain-hindbrain boundary) at early tailbud stage. Embryos are shown from a lateral view with anterior side to the left. The co-injection of mHoxb1 fails to rescue the somite, as shown by the continuous MyoD expression. Krox-20 expression shows that both PG1 MO and mHoxb1 overexpression is effective.
demonstrates the need for a regulation of Hox gene expression prior to somite formation, as our results indicate.
In dll1 dn transgenic mice, Hox gene expression does not seem affected, even at early somitogenesis stages, but this could be due to the different methods employed (Cordes et al., 2004 ). Cordes and co-workers state that the dominant negative phenotype is less strong than in the dll1 knockout mice (Barrantes et al., 1999) ; this could also mean that the MO approach is more efficient than the dominant negative dll1 dn at knocking down Delta function. Alternatively, the difference could be due to redundancy with another Notch ligand dll3, that has also been shown to be involved in mouse somitogenesis (Kusumi et al., 1998) .
The activation of Notch signalling, either by the overexpression of X-Delta-2 or the Notch-ICD, did not affect the expression of Hox genes at gastrula stages. This suggests that Notch signalling is necessary but not sufficient for Hox expression.
To investigate further into the regulation of Hox gene expression by X-Delta-2, we also looked at the expression of known upstream regulators of Hox genes, namely Xbra, BMP-4, Xcad-3 and FGF-4. Of these, BMP-4 and Xcad-3 were the only genes affected by the X-Delta-2 MO, and they were both weakly downregulated (though not abrogated) on the injected side. Both these genes are expressed in the ventro-lateral mesoderm and BMP-4 has been reported to regulate Xcad-3 expression (Northrop et al., 1995) . This effect on BMP-4 could in part explain the effect on Hox genes, but given the persistence of the posterior Hox gene expression, in contrast to the neural expression, it is likely that other mechanisms are also involved.
Hox genes and the Notch pathway
In vertebrates, the Notch pathway regulates somitogenesis via a Su(H)/RBPjk/CBF1 dependent pathway (Rida et al., 2004) . In Xenopus, the overexpression of a dominant negative form of Su(H) [Su(H) DBM ] has been shown to impair Notch signalling and perturb somitogenesis . However, our results indicate that the early regulation of the Hox genes by X-Delta-2 is independent of the function of Su(H), since we do not see any effect in Hox gene expression when we overexpress the dominant negative construct Su(H) DBM . This is contrary to the situation in mouse where embryos lacking functional RBPjk (the Su(H) mouse homologue) exhibit a downregulation in Hox gene expression in the segmenting region of the paraxial mesoderm . However, differences in the complex regulation of the Notch pathway between Xenopus and mouse can explain this discrepancy. Whereas in Xenopus, the Su(H) DBM upregulates the expression of X-Delta-2, in mouse the RBPjk mutant embryos lose dll1 expression in the somites, (but not in the PSM or neural tissue) (de la Pompa et al., 1997) . Therefore, in mouse the regulation of Hox genes by delta could also be independent of Su(H)/RBPjk; the downregulation of Hox genes in the somites of RBPjk mutant embryos simply being due to the decrease in dll1 expression in this tissue.
We do not know the mechanism that leads to the regulation of Hox gene expression by X-Delta-2. One possibility is the existence of other molecules that function as an effector for the Notch-ICD in the activation of the target genes, such as Deltex (Andreazzoli et al., 2002; Kishi et al., 2001; Matsuno et al., 1997) . Another possibility, that we favour, is that the intracellular domain of the X-Delta-2 itself functions as a transcription factor and modulates the Hox expression in the same cell where X-Delta-2 is active. A role for the intracellular domain of Notch ligands have recently been suggested in several vertebrates (Ikeuchi and Sisodia, 2003; Kiyota and Kinoshita, 2004; LaVoie and Selkoe, 2003; Wright et al., 2004) .
A role for Hox genes in segmentation
Despite the pivotal role of Hox genes in patterning the segments, a role in the actual process of segmentation has never previously been shown. Studies concerning Hox gene loss of function have so far failed to show any function in the somitogenesis process, even when a complete Hox cluster is deleted (Medina-Martinez et al., 2000; Suemori and Noguchi, 2000; Zakany et al., 2001) . In this study however, we show that the loss of function of PG1 genes dramatically affects somitogenesis, possibly via the downregulation of X-Delta-2 expression in the somitomeric region. These results for the first time demonstrate a role for Hox genes in the somitogenesis process.
The rescue of the X-Delta-2 striped pattern in the PSM by co-expressing mHoxb1 mRNA, suggested that the pre-pattern could be re-established by simply bringing back Hox gene expression. However, even if this was sufficient to rescue the X-Delta-2 stripes in the somitomeres, it was not sufficient to rescue the somites. This could be due to the fact that even though some sort of pre-pattern is rescued in the PSM, it is not sufficient, or stable enough, to lead to the formation of somites. This could also suggest that Hox genes are not only necessary for somitogenesis but their expression needs to be temporally regulated for normal somitogenesis to occur, which was not the case when we overexpressed mHoxb1.
The fact that a somitogenesis phenotype was never observed in mouse when Hox genes were knocked out can be explained by the lack of a complete PG1 gene knockdown. It seems likely that the members from the same paralogous group (PG) have a higher functional redundancy than members of the same cluster. In Xenopus, mouse and zebrafish, the loss of function of a complete PG has been shown to be necessary to determine their common role in developmental processes (Hunter and Prince, 2002; McNulty et al., 2005; van den Akker et al., 2001) . Here, the effect on somitogenesis could be due to the disruption of the 'Hox code' in the PG1 knockdown embryos, as posterior Hox genes are also downregulated in these embryos. Thus, the cumulative loss of several Hox genes may be necessary before such a severe effect on segmentation is observed. This is similar to the situation in the hindbrain, where a complete knockdown of PG1 genes leads to the loss of rhombomere boundaries (McNulty et al., 2005) ; an effect not seen with single knockouts of Hox genes.
The downregulation of X-Delta-2 in the hindbrain could be a consequence of the loss of PG1 and more posterior Hox gene expression (McNulty et al., 2005) . This could also explain the loss of rhombomere boundaries in PG1 MO injected embryos (McNulty et al., 2005) , as it has also been shown that X-Delta-2 expression is necessary for hindbrain segmentation (Peres and Durston, 2006) .
The regulation of X-Delta-2 by Hox genes and vice versa, suggests the existence of a feedback loop between these genes that could coordinate somitogenesis with Hox gene expression.
Coordination between somitogenesis and patterning
How this coordination is achieved is still unclear, and we do not have any evidence that these regulations are direct, or that there is a cascade of events between them. Our results do not elucidate whether the Hox genes are regulated by the same 'clock' that controls somitogenesis, or if the 'Hox code' is established in a completely independent way. Nevertheless, if there is a 'clock' regulating both the patterning and the segmentation of the anteroposterior axis, this mechanism should be in place since the beginning of gastrulation in the PSM, when the Hox genes start to be expressed and we observe a regulation of Hox genes by X-Delta-2.
The fact that overexpressing X-Delta-2 or Notch-ICD does not affect the Hox genes does not necessarily mean that Hox gene expression is independent of the 'clock'. In fact, what we show is that a readout of the 'clock', ESR-4, is affected, which does not mean that the 'clock' itself is affected. What we can say is that Hox genes appear to be regulated differently than certain downstream genes of the Notch pathway.
One possibility for the coordination between somitogenesis and patterning is the existence of a common molecular clock that is independently responsible for the timing of Hox expression and for the oscillations of the somitogenesis genes, and consequent periodic formation of the somites. In this hypothesis, Hox genes would be under the control of the 'clock' but would not necessarily be downstream of the Notch pathway. The 'clock' would be upstream of both the patterning and the segmentation program and these two separate programs would regulate each other either directly, or by modulating the clock via a feedback mechanism.
Recently, our group proposed a 'time space translator' model to explain the AP patterning of the vertebrate trunk (Wacker et al., 2004a) . In this model, the non-organizer mesoderm expresses a temporally collinear sequence of Hox genes. During gastrulation, different regions of the nonorganizer mesoderm are influenced by a signal from the organizer at different times, stabilizing the Hox genes that are being expressed at the moment of the interaction. In this way, the interaction between the non-organizer mesoderm and the Spemann organizer translates the temporal expression of Hox genes into a spatial expression pattern. Somewhat similar models can also be found in mouse and chicken (Deschamps et al., 1999; Gaunt, 2000) . In the same way, that this mechanism accounts for Hox expression patterns during gastrulation, it could later on interact with the somitogenesis clock.
To conclude, we present evidence for a central role of X-Delta-2 in the patterning of the AP axis. We demonstrate that X-Delta-2 function is necessary for the correct expression of Hox genes, independently of the Notch effector Su(H), from the beginning of gastrulation. In addition, we have shown for the first time a role for the Hox genes in somitogenesis. This crosstalk between traditional 'patterning' and 'segmentation' molecules presents a possible mechanism by which these two processes can be coordinated in order to produce a correctly segmented and patterned organism.
Experimental procedures
Embryos
Albino and pigmented Xenopus laevis embryos were staged according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1956 ). Culture of embryos and buffers (modified Barth's solution, MBS) was as described (Winklbauer, 1990) . Embryos were fixed in MEMFA during four hours at room temperature or overnight at 4 8C and after stored in methanol at K20 8C.
Injection of morpholinos and mRNA
Two morpholinos for the X-Delta-2 gene were designed (Gene-tools Inc.); sequence of morpholinos is as follows: X-Delta-2, MO1-5 0 CATGGCAGTCTCCTGGCACTGACAA (ATG binding sequence underlined), MO2-5 0 AGACTTGTATCGGGAGTTCCAGAAA (5 0 of the ATG) (Peres and Durston, 2006) . To take in account the pseudo-tetraploidy of Xenopus laevis, we looked for the presence of two X-Delta-2 alleles by sequencing the MO binding region and by comparison with available ESTs. We found a single variation at position -14 of the ATG (G to C change), in the region where the MO1 binds. This mis-match does not reduce the specificity of MO1. PG1 MOs (Hoxa1, Hoxb1, and Hoxd1) were described previously and were designed in a way that recognized both alleles (McNulty et al., 2005) . The SPORT6-X-Delta-2 full-length cDNA [I.M.A.G.E. consortium [LLNL] (IMAGE 5570232) (Lennon et al., 1996) ] was digested with DraI/SmaI and inserted into the in CS2 C vector digested with StuI. CS2 C GFP and CS2 C XDelta-2 were linearised by NotI digestion, capped RNA was prepared in vitro using the Sp6 mMessage mMachine transcription kit (Ambion) and the RNA was subsequently purified using an RNeasy column (QIAGEN) according to the manufacturer's instructions. The templates for the synthesis of mHoxb1 (McClintock et al., 2002) , Notch-ICD and Su(H) DBM were described previously. Morpholinos and mRNAs were diluted in Gurdon's buffer (15 mM Tris pH 7.5, 88 mM NaCl, 1 mM KCl) and injected at the two or four cell stage. Injections at the four-cell stage were into both left blastomeres and GFP mRNA was coinjected as a lineage tracer. Before fixation the GFP was checked to ensure that the injections were on the correct side. Amounts injected ranged from 40 to 80 ng of X-Delta-2 morpholinos in whole embryo and 20-40 ng when injected in the left-hand side (LHS), and from 5 to 10 ng of each PG1 gene when injected in the LHS. The control morpholino was always injected to match the higher concentration of MO used in each particular experiment (standard control, Gene-tools Inc.). Amounts of mRNA injected in the LHS were: 500 pg of X-Delta-2; 100 pg mHoxb-1; 500 pg of Notch-ICD; 200 pg of Su(H) DBM ; and 25 pg of GFP.
Detection of gene expression by in situ hybridisation
The whole-mount in situ hybridisation protocol used was described previously (Wacker et al., 2004b) , as modified from a previous protocol (Harland, 1991) . Antisense, digoxigenin-labelled transcripts were prepared from the following plasmids: Hoxd1 (Sive and Cheng, 1991) ; Hoxb4, Hoxc6 and Hoxb9 (Wacker et al., 2004a) ; Krox-20 (Bradley et al., 1993) ; Engrailed-2 (Hemmati-Brivanlou et al., 1991); MyoD (Hopwood et al., 1989) ; Xbra (Smith et al., 1991) ; XBMP4 (Dale et al., 1992) ; Xcad-3 (Pownall et al., 1996) ; FGF-4 (Isaacs et al., 1995) ; EST clones from the I.M.A.G.E. consortium [LLNL] cDNA library (Lennon et al., 1996) : X-Delta-2 (IMAGE 5570232); ESR-4 (IMAGE 4084328). Embryos were bleached after the in situ hybridization to enhance the observation of the staining (Song and Slack, 1994) 
